This paper presents a Vlasov antenna with curved cut shape and improved reflector position and geometry suitable for high power microwave applications. The curved shape of the proposed cut totally eliminates the sharp edges and angles present in Vlasov antennas with step and bevel cuts. Furthermore, with the proposed reflector configuration, the wave is radiated in the direction of the axis of the waveguide. A Vlasov antenna, designed for operation at 3 GHz, is used to compare the three cut types. An additional comparison is conducted to validate the concept of the enhanced reflector position, using the bevel-cut antenna and the improved cut. The proposed antenna results in increased antenna gain and in good performance in terms of sidelobe level and half-power beamwidth, with maximum radiation directed toward the axis of the waveguide center.
Introduction
High power microwave (HPM) sources, such as the backward-wave oscillator (BWO), the gyrotron, and the vircator (virtual cathode oscillator), generate power in cylindrically symmetric transverse electric TE 0 or transverse magnetic TM 0 modes. The sidelobe generation, gain reduction, and inefficient power loading on the antenna aperture make these modes unsuitable for driving conventional antennas. This gave the idea of using mode converters at the output of these sources to convert these modes into a plane-parallel linearly polarized beam.
A Vlasov antenna [1] [2] [3] , which is one of the most known mode converters used, is composed of a cylindrical waveguide with a shaped end, which can directly radiate energy from cylindrically symmetric modes in circular waveguides, without the need for an additional mode converter. The two well-known Vlasov antenna types come with a step cut and with a beveled cut [4] . The first type, a waveguide aperture with a step cut, originally suggested by Vlasov, has sharp edges and therefore may suffer from electrical breakdown when radiating HPM [5] . The beveled cut was suggested by Wada and Nakajima [6] to avoid the sharp points of the step cut, leading to a more suitable shape for usage in HPM applications.
A comparison of the performance of bevel-cut and stepcut Vlasov antennas in HPM is conducted by Ruth et al. in [7] , concluding that the bevel cut has better performance in such applications. A series of Vlasov-type high power microwave launchers have been investigated with several slant-cut angles in [8] . Additional experimental results and theoretical investigation of TE 0 and TM 0 mode Vlasov launchers have been presented in [9, 10] . Other studies focused on increasing the gain of bevel-cut and step-cut Vlasov antennas. Dahlstrom et al. added a reflector to a bevel-cut Vlasov antenna to increase its gain and better direct the main beam [11] . Fazaelifar and Fatorehchy proposed in [12] two methods for increasing the gain of a bevel-cut antenna, one using a parabolic cylinder reflector and the second using a horn. Moreover, Zhang et al. studied the step cut in the presence of a parabolic reflector [13] . Other work discussed the use of dualreflector in the presence of Vlasov antennas [14, 15] . Improved beam focusing of high powered microwaves radiating from a Vlasov antenna has been also achieved by applying a flare to the launcher aperture [16] . Moreover, Sealy et al. investigated the use of corrugations with the flare to enhance the pattern performance [17] . Other studies used Vlasov antennas as a component in several systems [18] [19] [20] . However, a Vlasov antenna with either the bevel-or step-cut has its own maximum radiation shifted by some angle with respect to the axis of the waveguide. The work by the authors in [21] focused on optimizing the reflector position to bring back the maximum radiation along the axis of the waveguide antenna.
In this paper, we first design a bevel-cut Vlasov antenna operating at 3 GHz with the aim of obtaining maximum gain. Next, a step-cut version is designed to have radiation in the same direction as the bevel-cut counterpart, and a comparison of the performance of both is conducted. Later, a new cut shape, better suitable for the use of Vlasov antennas in HPM applications, is presented and its advantages are reported. Furthermore, the optimized reflector position for Vlasov antennas is presented, which will help, with the proper rotation angle, to orient the generated waves along the + direction, which is the axis of the waveguide in our case. In addition, with our proposed configuration, the reflector is directly attached to the waveguide structure, decreasing the size of the usual Vlasov antennas with reflectors, and eliminating the need of extra components to hold the waveguide and reflector together. The proposed reflector is applied to bevel-cut and step-cut Vlasov antennas and then further enhanced with curved edges to be applied to the curved cut to evaluate its performance.
Vlasov Antennas
Both step-and bevel-cut Vlasov antennas are the result of shaping the end part of a circular waveguide. For operation at 3 GHz, the used circular waveguide has a radius of 45 mm and a length of 300 mm.
Vlasov with Bevel Cut.
A Vlasov antenna with a beveled cut is shown in Figure 1(a) . The cut angle is the single parameter available for optimization, and it has the main effect on the gain and radiation patterns of the antenna. The angle that maximizes the gain of the antenna is given by [4] = sin
where 0 is the th root of the equation 0 ( 0 ) = 0, is the wavelength, is the inner radius of the waveguide, and 0 is the Bessel function of the first kind and zeroth order. For the TM 01 circular waveguide designed for 3 GHz, = 4.5 cm and = 10 cm. Also, 01 = 2.405, so the bevel cut will be calculated as follows:
The highest gain according to the equation is obtained at a cut angle of 58.32
∘ . This result has been verified by simulations using ANSYS HFSS. For this angle, the resulting peak gain is 10.9 dB. The gain patterns, computed in CST MWS for both = 0 ∘ and = 90 ∘ planes, are shown in Figure 2 . Maximum radiation is obtained in the = 32 ∘ and = 90 ∘ direction.
Vlasov with
Step Cut. A Vlasov antenna with a beveled cut is shown in Figure 1 (b). The step cut is determined by the two parameters, and , as indicated. The value of is fixed at 148.5 mm, which is the same value obtained with the bevel cut after finding the angle . For comparison purposes, the step-cut Vlasov is designed so that it has the same direction of maximum radiation obtained with the beveled cut. For this purpose, via CST simulations, is found to be 25 mm. It was noticed that, as the value of decreases, the angle of maximum radiation increases. The gain patterns of the stepcut Vlasov antenna, in the = 0 ∘ and = 90 ∘ planes, are shown in Figures 3(a) and 3(b) , respectively. As is the design aim, the main lobe peaks at = 32 ∘ . Comparing the two Vlasov antenna types, it is verified that the step cut gives better performance in terms of maximum gain and half-power beamwidth (HPBW). However, the beveled cut results in lower sidelobes, and this comes in addition to its suitability for HPM applications.
Improved Cut
The conventional Vlasov antennas may suffer from electric breakdown when they radiate at HPM. Although the beveled cut was introduced to avoid the sharp edges present in the step cut, it results in a decreased gain and an increased HPBW of the antenna. A new cut shape, introduced by the authors in [22] , is shown in Figure 4 . This shape, totally based on curves, International Journal of Antennas and Propagation goes ahead of the beveled cut in removing the sharp edges and corners and is a result better suitable for applications involving HPM. In this design, we have the flexibility to optimize several parameters to reach the desired gain, HPBW, and direction of maximum radiation. These are the radius of Curve 1 ( 1), the radius of Curve 2 ( 2), the radius of Curve 3 ( 3), and the separation between Curves 2 and 3, noted by on Figure 4 .
To compare it with the step-and bevel-cut versions, a Vlasov antenna based on the same waveguide and on the proposed cut is designed so that it has the maximum radiation in the same = 32 ∘ and = 90 ∘ direction. Table 1 lists the obtained parameters of the new design. The resulting patterns are shown in Figure 5 .
The gain patterns resulting from the step, the beveled, and the proposed Vlasov cuts are compared in Figure 6 . The Absolute gain (dB)
Step cut Bevel cut New cut obtained peak gain values are given in Table 2 . Both CST and HFSS reveal that the proposed Vlasov antenna has a higher peak gain, which overcomes the decreased gain issue that the bevel cut has. The compared HPBW and sidelobe level ratio (SLR) results, computed in CST, are listed in Table 2 . In addition to totally eliminating the sharp edges and corners that limit the performance of the antenna at high powers and providing higher peak gains, the results have shown that the proposed cut gives a smaller HPBW and a better SLR in the = 90 ∘ plane, a better SLR compared to the step cut in the = 0 ∘ plane, and a slightly narrower beam in the = 0 ∘ plane when compared to the bevel cut. These observations are also verified using HFSS simulations.
The reflection coefficient plots, for the three cut types, are given in Figure 7 . As shown, the three antennas operate at and around 3 GHz with very low 11 values.
Vlasov with Reflector
Vlasov antennas radiate waves with maximum radiation obtained in a shifted direction. This was proven through our simulations in Section 2, for which the three designed Frequency (GHz)
Step cut Bevel cut antennas radiate in the shifted directions corresponding to = = 28 ∘ and = 90 ∘ , computed using HFSS. However, it is preferred to have the maximum radiation of the antenna directed in a well-known and easy-to-locate direction. This refers to the axis of the waveguide in our case. In addition, the HPBW in = 0 ∘ plane is large for the three radiated antennas, and it is hard to highly increase the gain of these antennas. In order to achieve rotation of the maximum point of radiation of any of the Vlasov antennas and the curvedcut shape antenna and decrease the HPBW in = 0 ∘ plane, an optimized reflector is proposed in the following work. The reflector has the shape of a half-hollow cylinder. A conventional reflector is used with the step-and bevelcut antennas designed, whereas for the optimized curvedcut shape proposed in Section 3 an optimized reflector having also curved edges instead of the sharp corners of the conventional reflector is proposed. In both cases, the two reflectors have several parameters that affect the radiation: the starting point of the reflector, the radius of the reflector, the length of the reflector, and the angle of rotation of the reflector with respect to the waveguide axis. All these parameters have been optimized to obtain the desired radiation patterns. radius and a length of 200 mm. Upon rotating the reflector by a specific angle, it is seen that as the angle increases the shift angle approaches origin. The initial bevel-cut Vlasov antenna gives a maximum computed gain of 10.3 dB, with the maximum radiation along the = 28 ∘ and = 90 ∘ direction. The optimized reflector angle for perfect direction along the + axis is seen at angle of 17.5
∘ . For this angle, the maximum radiation is back along the axis of the waveguide; that is, = 0 ∘ and = 90 ∘ . The bevel-cut antenna operates at 3 GHz as shown in the reflection coefficient plot ( 11 ) in Figure 9 . It has a gain of 10.9 dB and a reduced HPBW, as indicated in Figures 10(a) and 10(b) . It is shown that, for the case with the reflector, the maximum radiation is redirected along the axis of the waveguide.
Verification of the Results Using CST.
The same design simulated in Section 4.1 using HFSS has been also tested using CST. The gain patterns in the two cases (without and with reflector) are shown in Figure 11 . As can be seen, the maximum gain of the antenna is redirected along the axis of the waveguide. The 3D gain patterns comparing the two cases are shown in Figure 12 . Furthermore, the peak gain has increased from 10.88 to 12 dB, and the HPBW has decreased in the plane of interest, that is, = 0 ∘ plane, from 58.4 ∘ to 41.7 ∘ .
4.2.
Step-Cut Vlasov Antenna
Design and Simulations.
Again, using the step-cut antenna design in Section 2.2, the maximum radiation is obtained in the shifted direction corresponding to = = 28 ∘ and = 90 ∘ , computed using HFSS. The same reflector used in Section 4.1 is then attached to the step-cut antenna as shown in Figure 13 . Here, is the distance between the waveguide port and the start of the reflector. The gain patterns of the designed step-cut antenna are shown in Figure 14 . By inspecting Figure 14(b) , the concept of rotating the reflector is validated and maximum radiation is obtained back along the waveguide axis for a rotation angle of 17.5 ∘ similar to the one used for the bevel-cut case. The design has been also simulated using CST showing the same results with an increment in gain from 11.33 dB to 11.86 dB with a large decrement in HPBW in the plane of interest ( = 0 ∘ ) from 55 ∘ to 41 ∘ with negligible changes in the = 90 ∘ plane.
Improved Curved Cut with Optimized Reflector Position
After modifying the cut of the Vlasov antenna in order to optimize its performance as described in Section 3, in this section the optimized reflector proposed in Section 4 will be used to validate the concept of rotating the reflector in order to radiate the wave generated along the + direction on the novel cut shape. However, in order to also avoid having sharp corners in the reflector, an optimized one is proposed here to be attached to the curved-cut shape antenna. Figure 15 shows the proposed combined antenna joining the curvedcut antenna and the curved-edges reflector with its optimized parameters. The parameters of the curved-cut antenna are the same as those used in the previous design in Section 3 and are listed in Table 1 . In order to get the optimized values of the reflector radius and length indicated, the following parametric study has been done.
Parametric Study

Radius Study.
In order to choose the appropriate value of the reflector radius, the radius has been varied from 40 mm to 70 mm. The realized gain value at each value of radius is shown in Figure 16 (a), and the gain pattern in the plane of interest ( = 90 ∘ ) at each radius value is also shown in Figure 16 (b).
Inspecting Figure 16 (a), it is seen that the realized gain in the plane of interest ( = 90 ∘ ) increases as the radius of the reflector increases, till reaching a maximum value at a radius of 65 mm. However, inspecting the gain pattern in the = 90 ∘ plane in Figure 16 (b), it is seen that at this radius the SLL and HPBW are higher than those with the second maximum value of gain at a radius of 60 mm. Hence a radius of 60 mm is suggested to be the optimized value taking into account the value of gain, SLL and HPBW.
Length Study.
In order to choose the appropriate value of the reflector length, the radius has been varied from 150 mm to 220 mm. The realized gain value at each value of length is shown in Figure 17(a) , and the gain pattern in the plane of interest ( = 90 ∘ ) at each length value is also shown in Figure 17(b) .
Inspecting Figure 17 (a), it is seen that the realized gain in the plane of interest ( = 90 ∘ ) increases as the length of the reflector increases, till reaching an approximate maximum value at a length of 200 mm, after which the value of gain might increase but in very small steps compared to the increase in the length. In addition, inspecting the gain pattern in the = 90 ∘ plane in Figure 17 Step-cut Vlasov antenna with a reflector.
those with the higher values. Hence a length of 200 mm is suggested to be the optimized value taking into account the value of gain, SLL, HPBW, and antenna structure size.
Simulations and Results.
Taking into account the optimized values of the reflector parameters, the proposed combined antenna suitable for high power microwave applications has been simulated using CST with the radiation pattern results shown in Figure 18 .
The maximum radiation of the curved-cut antenna without using the reflector was shifted in the direction corresponding to = = 28 ∘ and = 90 ∘ , as depicted in Section 3. Inspecting Figure 18 , the concept of rotating the reflector is validated and the radiation in = 90 ∘ plane is now directed towards the + plane, as can be seen in Figure 18(b) . In addition, the proposed combined antenna also increases the gain of the antenna from 11.4 dB to 11.92 dB and decreases its HPBW in the = 0 ∘ plane from 58 ∘ to 41 ∘ , with minor changes in the = 90 ∘ plane. The same result has been also achieved using HFSS with an increment in gain from 10.7 dB to 11.00 dB as shown in Figure 19 . Combining all the simulations of the three designed antennas, with and without having the enhanced suitable reflector, Table 3 compares the radiation characteristics of the various cases studied. As listed, in addition to bringing back the maximum radiation along the axis of the waveguide, the proposed combined antenna also increases the gain of the antenna and decreases its HPBW.
Observations. Several simulations have been done to study the effect of each parameter of the Vlasov antenna with curved-cut and improved reflector position and shape on the radiation performance. The following observations have been inspected.
(i) As the starting point of the reflector goes backward to the start of the Vlasov antenna, the gain decreases and the HPBW highly increases. This change also affects the point of maximum radiation which will be rotated by a certain degree from the axis of the waveguide.
(ii) As the rotation angle of the reflector increases, the gain slowly increases with minor variations in HPBW. However, this change also affects the point of maximum radiation which will be rotated by a certain degree from the axis of the waveguide.
(iii) As the radius of the reflector decreases, the gain slowly decreases and the HPBW increases. Hence, care should be taken in choosing the optimized values for each of these parameters in order to attain the desired performance.
One example on the use of such optimizations is to extend the reflector length to 250 mm, decrease the angle of rotation to 15 ∘ , and increase the starting point of the reflector (noted by ) to 151 mm. Applying these changes, the gain will increase to 12.42 dB and the HPBW in the = 90 ∘ plane will decrease to 37 ∘ , with the HPBW in the = 0 ∘ kept constant at 41.1 ∘ .
Conclusion
The Vlasov antenna, originally designed with a step cut made to one end of a circular waveguide, has been improved by Nakajima who implemented it using a beveled cut. The latter cut gets rid of the sharp corners present in the former one, which makes the antenna supportive of higher microwave powers, but this comes at the cost of reduced antenna gain and broader beam widths. In addition, the maximum radiation of these two antennas is shifted by some angle in the = 90 ∘ plane, assuming the antenna is directed along the + axis. In this paper, an improved shape with curved cuts for high power microwaves applications has been suggested, leading to higher gain, decreased HPBW, and decreased sidelobes levels. Furthermore, two optimized reflectors, one with enhanced position and the second with additional shape enhancement having curved edges, are proposed, with the ability to radiate the maximum radiation back to the + axis and further decrease the HPBW. This concept has been validated using the bevel-and step-cut Vlasov antenna, and with the new curved cut proposed in this paper.
